The correction of non-common path aberrations (NCPAs) between the imaging and wavefront sensing channel in a confocal scanning adaptive optics ophthalmoscope is demonstrated. NCPA correction is achieved by maximizing an image sharpness metric while the confocal detection aperture is temporarily removed, effectively minimizing the monochromatic aberrations in the illumination path of the imaging channel. Comparison of NCPA estimated using zonal and modal orthogonal wavefront corrector bases provided wavefronts that differ by ~λ/20 in root-mean-squared (~λ/30 standard deviation). Sequential insertion of a cylindrical lens in the illumination and light collection paths of the imaging channel was used to compare image resolution after changing the wavefront correction to maximize image sharpness and intensity metrics. Finally, the NCPA correction NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
Introduction
Adaptive optics (AO) allows for the measurement and control of monochromatic aberrations in optical instruments. Although first proposed for compensating the wavefront distortions induced by atmospheric turbulence in astronomical telescopes [1, 2] , AO has found multiple applications including: high-power lasers [3] , ophthalmic imaging [4] , vision research [5] and microscopy [6] . The control of the monochromatic aberrations can be performed either in a sensorless fashion, using metrics that directly indicate the instrument's performance [6] , or with wavefront sensors such as the shearing interferometer [7, 8] , the pyramid sensor [9, 10] and the ShackHartmann sensor [11, 12] . Sensorless AO has traditionally been used when aberrations are slow-varying relative to the AO closed-loop bandwidth; or wavefront sensors have limited success or add unacceptable complexity. To date, AO ophthalmoscopes have been mostly implemented using wavefront sensors [4, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , with few sensorless implementations [26] [27] [28] [29] .
In AO ophthalmoscopes with wavefront sensors, a portion of the optical path leading to the wavefront sensor is inevitably different from that leading to the imaging detector(s). This gives rise to non-common path aberrations (NCPAs) that could lead to non-negligible performance degradation if left uncorrected [28, 30] . These NCPAs can be due to optical element theoretical performance, manufacturing imperfections or distortion due to mechanical mounting with excessive pressure. In mechanically and thermally stable AO ophthalmoscopes, NCPAs can be considered static unless the relative focus between the imaging and wavefront sensor channels is changed [30, 31] .
Although NCPAs in AO ophthalmoscopy are widely acknowledged [13, 28, 29, [32] [33] [34] [35] , their correction in point-scanning instruments with a wavefront sensor have only been demonstrated once [28] . Hofer et al. corrected NCPAs by driving the wavefront corrector to maximize the photon count through a confocal aperture, similar to other sensorless AO techniques [27, 36, 37] . This approach is only optimal both in terms of maximizing signal strength and image resolution in a small number of scenarios, including non-linear imaging techniques with confocal apertures much larger than the Airy disk or linear imaging techniques with perfectly overlapping illumination and imaging paths [28] . In linear confocal imaging techniques such as that used by Hofer el al., the difference between NCPAs between the illumination and imaging paths dictates that maximizing image intensity does not guarantee the best image resolution. This often unappreciated point is critical for image resolution maximization and it is the motivation for this work.
In what follows, we propose to correct NCPAs in scanning AO ophthalmoscopes through the maximization of an image sharpness metric while the confocal detection aperture is temporarily removed from the optical path. We first discuss how the proposed method follows naturally from the calculation of the point spread function (PSF) of a confocal point scanning instrument. This is followed by a brief description of the AO scanning light ophthalmoscope (AOSLO) and the experimental methods used for this work. Then, a known NCPA is induced by inserting a cylindrical lens in either the illumination or the light collection path of the imaging channel, measured and then corrected to illustrate how the sharpness-maximization-driven approach compares to an intensity-maximization-driven approach. Finally, the AOSLO native NCPAs are measured and used to bias the Shack-Hartmann wavefront sensor (SHWS) to achieve simultaneous aberration correction of the illumination path of the imaging channel and a living eye when closing the AO control loop.
Theory

Resolution in confocal point scanning ophthalmoscopes
The incoherent intensity PSF of the imaging channel in a confocal point scanning instrument is given by h ∝ h illumination (h collection ⊗p), (1) where hillumination is the intensity PSF of the illumination path, hcollection is that of the light collection path, p is the confocal aperture transmission function (or the effective detector size at the image plane) and⊗denotes convolution [38] . The convolution blurs the PSF of the imaging path, increasing its full-width at half-maximum (FWHM) by more than 20, 120 and 450% for confocal detection apertures greater than 0.5, 1.0 and 2.0 Airy disks in diameter, respectively. Since in most instruments the confocal aperture (pinhole) diameter is comparable to or larger than the Airy disk, the PSF of the instrument and thus the image sharpness, are mostly determined by the size of the illumination PSF and not the imaging PSF. Therefore, when hillumination ≠ hcollection, maximizing image intensity does not necessarily lead to optimum image resolution. Equation (1) also indicates that removing the confocal aperture (making the instrument equivalent to a bright field instrument replacing the illumination PSF with the collection PSF), the effect of hcollection on the instrument PSF is effectively cancelled (blurred). This means that one could temporarily remove the confocal aperture to estimate the NCPAs between the light collection path of the wavefront sensing channel (which is what the wavefront sensor measures) and the light collection path of the imaging channels. Following NCPA estimation, the confocal pinhole can be placed back for image acquisition. We therefore propose NCPA estimation by temporarily removing the confocal aperture, while driving the wavefront corrector to maximize an image sharpness metric using a test object. It is important to note that the use of a sharpness rather than intensity metric is critical, as the latter would not be substantially affected by the wavefront corrector given the large effective size of the confocal aperture. The difference between the wavefront corrector signals that minimize the wavefront sensor error signals and those that maximize the image sharpness metric provides the NCPAs correction. Thus, replacing the confocal aperture and biasing the wavefront sensor signals to account for the NCPAs provides AO correction that minimizes aberrations in the illumination path of the imaging channel, and thus maximizing image resolution.
Image sharpness metric
The most common approach for estimating and correcting NCPAs in AO imaging instruments is to systematically change the signals controlling the wavefront corrector(s) so as to maximize an image quality metric when imaging a stationary object [6, 28, 39, 40] . This maximization is mostly determined by: the image metric [28, 37, [41] [42] [43] [44] [45] [46] , the wavefront corrector mode basis [47] , the algorithm used to search for the metric maximum in the wavefront corrector space [48] and the test object [43] .The image sharpness metric used in this work is the normalized discrete version of the quadratic intensity sum described by Muller and Buffington, (2) where Ii denotes the intensity of the i-th pixel and the summation is performed over the entire image [41] . The normalization accounts for intensity variations that might arise due to vignetting, intensity and sensitivity fluctuations in the light source and detector, respectively.
Deformable mirror mode bases
The wavefront corrector in the AOSLO was a 97 actuator continuous membrane deformable mirror (DM; ALPAO, Montbonnot, France), controlled using one of two bases that are orthogonal in the DM actuator space. The first basis was formed by each actuator's influence function, while the second basis consisted of the modes from the singular value decomposition of the experimentally determined AO response matrix. In what follows, we refer to these bases as zonal and modal, respectively. The elements of the modal basis are shown in Fig.  1 as wavefront maps in decreasing singular value order, assuming a 2-dimensional Gaussian influence function with 50% of the peak amplitude at the nearest actuator. It is worthwhile noting that the 97th mode, which is similar to piston, is removed from all the wavefront maps presented later, as it does not affect image quality.
Fig. 1 Normalized deformable mirror modes derived from the response matrix
defined by the Shack-Hartmann wavefront sensor used in this work [20] , ordered from left to right and top to bottom according to decreasing singular value. Each pixel in the diagrams above represents the amplitude of a single deformable mirror actuator.
Methods
Adaptive optics scanning light ophthalmoscope
The confocal point scanning instrument used in this work was a previously described AOSLO [20] (Fig. 2) , equipped with two coaxial light sources for wavefront sensing (850 nm) and imaging (790 nm). Light is coupled into the optical path common to the imaging and wavefront sensing channels using a 90/10 (transmission/reflection) beam splitter wedged at 0.5° in order to vignette the undesired reflection from the second surface. The illuminating beams are raster scanned on the retina by using two optical scanners with orthogonal rotation axes. Light backscattered by the retina retraces its path and is de-scanned on its way to the light detectors. The wavefront sensing and imaging wavelengths are separated by a dichroic mirror before reaching the SHWS and the imaging light detector (photomultiplier).
The NCPAs between the illumination, light collection and wavefront sensing paths arise from the optical elements in the areas highlighted in the AOSLO schematic shown in Fig. 2 .
Fig. 2 AOSLO schematic where PMT stands for photomultiplier, SHWS for Shack-
Hartmann wavefront sensor, and sph for spherical mirror. The letter P indicates a pupil conjugate plane, in addition to those corresponding to the deformable mirror, the optical scanners and the SHWS. The optical elements contributing to the non-common path aberrations between the SHWS and either the illumination or the collection paths of the imaging channel are highlighted with boxes as indicated by the key. The pupil planes P1 and P2 in the imaging channel were used in the validation experiment to place a cylindrical lens (see section 4).
Sharpness metric sensitivity
Prior to the estimation of the NCPA, the sensitivity of the sharpness metric to the zonal and modal basis elements was determined using a piece of paper in the back focal plane of an achromatic doublet (19 mm focal length) as a test object, after removing the confocal pinhole. The paper was placed perpendicular to the AOSLO optical axis to avoid having features in multiple focal planes, which would potentially affect the convergence of the sharpness maximization algorithm. The sharpness metric curves for the AOSLO were generated using the images of the paper over the entire amplitude range of each mode, resulting in the plots shown in Figs. 3 and and4Fig .4. The mode ranges were centered on the DM and permission has been granted for this version to appear in e-Publications@Marquette. Optical Society of America does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Optical Society of America.
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voltages that minimize the aberrations in the SHWS channel. The inverse of the width of each curve's peak can be interpreted as the sensitivity of the metric to that particular mode. For the zonal basis (Fig. 3) , the metric changes across the full actuator range were only ~1%, and mostly determined by the actuator distance to the center of the DM, with the actuators at the center affecting the metric the most. Similarly, the plots for the modal basis show only up to a 2% change in the metric over the full mode range (Fig. 4) . Due to the fact that the modes are in decreasing order of singular value, there is a clear decrease in sensitivity with increasing mode number, as expected. Fig. 3 Sharpness metric normalized to peak value vs. normalized actuator stroke for the 97 actuators of the Alpao DM used in this study. The plots are spatially arranged to reflect actuator placement on the DM surface. The repeatability of these curves was better than 1% over 3 repetitions.
Fig. 4
Sharpness metric normalized to peak value vs. normalized stroke for the 97 modes of the Alpao DM used in this study. The plot arrangement corresponds to the modes shown in decreasing singular value (as shown in Fig. 1 ). The repeatability of these curves was better than 1% over 3 repetitions.
NCPA correction algorithm
The natural choice of wavefront corrector amplitudes for initiating the NCPA estimation is those that minimize the wavefront sensor signals. These can be determined by closing the AO correction loop using the model eye mentioned above. If the imaging and wavefront sensing channels were intentionally out of focus relative to each other, one could improve on the initial condition by adding the focus offset that would bring the object, in this case paper, into subjective focus.
The sequence of steps followed to estimate the NCPAs by maximizing the sharpness metric for each DM mode is detailed in Fig.  5 . This is accomplished by sequentially incrementing the amplitude of each mode over a range given by the width of the peak in the corresponding sensitivity curves (Figs. 3 and and4) .4). After applying each new set of DM control signals, a 20 ms delay allowed for the DM surface to settle, before an image of the paper was acquired and the sharpness metric calculated. This process was repeated for all the amplitudes in the selected range and the value that provided highest sharpness metric value was recorded. If the mode amplitude corresponding to the sharpest image was close to the edge of the selected range, the range was re-centered on this value and the process repeated. The cycling through all of the DM modes was repeated four times, each time using the output of the last iteration as the starting point for the next one and also shrinking the range of amplitudes searched by 50%. After determining the wavefront corrector signal vector that maximizes the image sharpness (xIllumination), the NCPAs in DM space (xNCPA) was calculated as
with xSHWS being the DM signals which correct the aberrations of the entire wavefront sensor path. Finally, in order to account for the accessed by following the link in the citation at the bottom of the page.
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NCPAs when closing the AO loop, the SHWS signals are biased by the spot displacements that would result from multiplying xNCPA by the AO response matrix [27] and removing piston, tip and tilt.
Experiments
In order to demonstrate the proposed method, we performed three experiments. First, we compared the use of an image sharpness metric after removal of the confocal aperture against the maximization of image intensity through a one Airy disk diameter confocal pinhole [27, 28] . This was accomplished by intentionally exaggerating the NCPA through the placement of a 0.25 diopter (D) cylindrical lens in a pupil plane in a portion of the imaging channel that does not overlap with that of the SHWS imaging path (either in P1 or P2 in Fig. 2 ). In the second experiment, we tested the convergence, stability and repeatability of the proposed method using the zonal and modal bases to correct the AOSLO native NCPAs, followed by the insertion of a known NCPA through the use of the previously used cylindrical lens. Finally, a human subject was imaged using the traditional SHWS correction and the NCPA-biased correction after measuring and correcting the system NCPAs (i.e. without using any cylindrical lenses) and using a 1.0 Airy disk confocal aperture.
A 39-year-old male subject with mild refractive error (−0.75 D sphere, 2.0 D cylinder) was recruited for the study, which was approved by the Institutional Review Board at the Medical College of Wisconsin. The nature and possible risks of the study were explained after which written consent was obtained. The pupil of the left eye was dilated and cycloplegia was induced with topical application of one drop of phenylephrine hydrochloride (2.5%) and one drop of tropicamide (1%). The subject's head was stabilized with a bite bar attached to a three-axis translation stage used to align the AOSLO exit pupil with the entrance pupil of the subject's eye. Photoreceptor image sequences of 150 frames were acquired at 0.5° temporal and superior to fixation while closing the AO-loop. For each sequence, the 50 frames with highest normalized cross-correlation when compared against a manually selected reference frame were registered [49] and averaged to increase signal to noise ratio.
Results
Image intensity maximization in confocal imaging
The images and plots in Fig. 6 show how introducing a 0.25 D cylindrical wavefront as NCPA in the illumination path of the AOSLO imaging channel, results in a more substantial image blur than when placed in the imaging path, whether using the SHWS correction or an intensity driven NCPA correction. This is in agreement with our observation about the PSF calculation, in that it is the monochromatic aberrations in the illumination path that have the most impact in the image sharpness. This simple experiment also illustrates how the maximization of the intensity at the confocal pinhole, as implemented by Hofer et al [28] , does not necessarily provide the highest image resolution.
Fig. 6
Central portions of AOSLO images showing small features on the surface of a piece of paper, acquired using a one Airy disk diameter confocal pinhole. The top image was collected with the SHWS-driven correction. The images below show the same feature with SHWS-, intensity metric-and sharpness metric-driven correction, respectively, when placing a cylindrical lens (to induce a known NCPA) in the illumination and collection paths of the AOSLO imaging channel (see pupil planes P1 accessed by following the link in the citation at the bottom of the page.
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and P2 in Fig. 2) . The bottom plots show intensity profiles indicated by the lines across the images above, normalized to their peak intensity. Scale bar is 10 µm or 2.1 Airy disk diameters. Figure 7 shows the image sharpness metric described above (without the confocal aperture in front of the light detector) as each zonal or modal basis element is optimized to maximize the metric, and thus correct for the AOSLO native NCPA. Each estimation process consists of four successive iterations over the entire wavefront corrector basis shrinking the search range by 50% each iteration. This process was repeated three times, in order to gain some understanding of the convergence, stability and repeatability of the method. Ignoring the rapid oscillations due to measurement noise (e.g., discrete mode range sampling and image digitization), the curves slow trend suggest that the modal correction (blue curves in Fig. 7 ) is more repeatable and stable than the zonal correction (red curves), although the zonal approach seems to converge faster to the final metric value region. We recognize that the poor repeatability in the metric value is mostly due to a reduction in PMT signal resulting from continuous exposure to light, potentially combined with a small offset in the image digitization electronics (frame grabber). These factors change the image sharpness metric values by a small percentage (< 0.15%), which is comparable to the metric measured changes observed in the NCPA estimation (~0.1-0.2%). Irrespective of the actual metric value, the estimated NCPA, however, seems to be immune to this slow PMT sensitivity change, as the repeatability of the wavefront maps in Figs. 8 and 9 illustrate. The maps also suggest that NCPA correction is achieved after a single iteration through either wavefront corrector basis, with subsequent iterations providing little if any clear improvement, given the small NCPA in the tested AOSLO. and permission has been granted for this version to appear in e-Publications@Marquette. Optical Society of America does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Optical Society of America.
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Fig. 7
Cumulative image sharpness metric change during the NCPA estimation (each curve of the same color corresponds to one of 3 repetitions). The metric change is relative to the wavefront that minimizes the SHWS aberrations path. Finally, when placing a 0.25 D cylindrical lens in a pupil plane only affecting the illumination path (P1 in Fig. 2 ) both the correction using the zonal and modal bases resulted in similar wavefront maps despite converging to different image sharpness metric values (Figs.  11 and and12Fig.12) . The larger differences between the wavefronts correspond to the DM outer actuators, as in the previous experiment. This can be explained by the fact that these actuators are only partially within the pupil and thus have less of an impact in the image metric (see Fig. 3 ). The estimated wavefront RMS is comparable to the λ/1.67 theoretical prediction for a centered 0.25 D cylindrical lens (our lens was slightly decentered due to mechanical constraints). 
Human retinal imaging
In agreement with the findings from the previous section, the photoreceptor images acquired with and without correction of the native AOSLO NCPAs (Fig. 13) show similar levels of detail, other than for individual cone photoreceptor intensity variations. This intensity fluctuation is a well-known phenomenon that can be observed in both cone and rod photoreceptors [50, 51] . Comparison of the power spectra radial averages [52, 53] and autocorrelation function width [53] (data not shown) in images collected with and without NCPA correction yielded undistinguishable differences, as expected, given the small measured NCPAs (RMS ~λ/16).
Fig. 13
AOSLO images showing the photoreceptor mosaic in a logarithmic intensity scale at 0.5° temporal and superior to fixation in subject JC_0486. These images were collected with aberration correction over the SHWS and the illumination paths (using zonal and modal wavefront corrector basis). Scale bar is 50 µm.
Conclusions
A method for estimating and correcting NCPAs between the wavefront sensing and the illumination paths of an imaging channel in a confocal point scanning imaging instrument was demonstrated. In this approach, an image sharpness metric was maximized by iterating through the modes of one of two different wavefront corrector bases. The use of a sharpness metric and the temporary removal of the confocal aperture are critical to achieving NCPA correction that maximizes image resolution, as opposed to image intensity. The NCPA estimation in this particular instrument was repeatable with an RMS smaller than Maréchal's classical diffraction limit. It is worth noting that in AO ophthalmoscopes with multiple imaging channels, one might accessed by following the link in the citation at the bottom of the page.
18
bias the wavefront sensor using different NCPA measurements depending on the imaging channel that is deemed more critical at the time. Moreover, different NCPA calibrations should be considered when changing the focus of the illumination relative to the wavefront sensor, given that monochromatic aberrations vary with degree of collimation (vergence).
In summary, NCPA estimation and/or correction in point scanning AO imaging instruments is simple, straightforward and does not require hardware modifications, other than for temporarily removing the confocal aperture during the NCPA estimation. It would therefore seem reasonable to evaluate the NCPA for each imaging channel of the AO ophthalmoscope. If the NCPA wavefront RMS was found to be larger than λ/14, then it would be recommended to incorporate the NCPAs as a fixed bias to the wavefront sensor.
